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ABSTRACT 
In the present study, characterization and destabilization of the emulsions formed 
during two alternative processes, traditional aqueous extraction and enzyme-assisted aqueous 
extraction, for oil extractability from soybean flour were investigated.  The emulsions were 
collected as cream layers and these were subjected to various single and combined 
treatments, including thermal, chemical and enzymatic treatments, aimed at recovery of free 
oil.  
The soybean oil emulsion formed during the aqueous extraction processing (AEP) 
contained high molecular weight glycinin and β-conglycinin proteins and smaller oleosin 
proteins which formed a multilayer interface. This interface provided protection against 
droplet aggregation before demulsification treatment and centrifugation. Treatment with 
Protex 7L (protease) increased the free oil recovery from 3% to 23%.  When enzymatic 
treatment was followed by a freeze-thaw step, the oil recovery increased to 46%. The 
increase can be attributed to the combined effect of film degradation by Protex 7L and partial 
coalescence of the oil droplets in the frozen emulsion.  
The cream formed during the alternative enzyme-assisted aqueous extraction process 
(EA-AEP) with Protex 7L also contained polypeptides and phospholipids as emulsifiers. The 
SDS-PAGE profile of the polypeptides in the cream layer showed that the subunits of β-
conglycinin and glycinin were fully degraded after 2 h of extraction. Only small residual 
polypeptides remained but these were still sufficient to form a multilayer interface capable of 
providing stability to the cream . Chemical demulsification by adjusting the pH to 4.5 
increased the oil yield from 2% to 83%. A two-stage enzymatic demulsification process with 
 vi 
Protex 6L (protease) increased to 95% the oil recovery. When enzymatic demulsification 
with G-ZYME (A1 lyso-phospholipase) was combined with pH 4.5, the oil recovery 
increased to 100%. The mean droplet size increased significantly in each demulsification 
treatment facilitating the coalescence/aggregation of the oil droplets. The increase in free oil 
recovery can be attributed to the disruption of the interfacial film due to enzymatic 
hydrolysis, partial coalescence during incubation, and coalescence after centrifugation. Protex 
6L retained more than 90% of its activity after a single demulsification treatment offering the 
potential for recycle in the process.  Despite the reduction in emulsion stability and the high 
recovery of free oil from the cream further improvements in the extraction step are necessary 
to release more oil to the cream. Modification of the extraction step will require additional 
demulsification studies as the demulsification behavior depends on how the cream is obtained. 
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CHAPTER 1. GENERAL INTRODUCTION 
1.1 Literature Review  
Soybean Composition  
Soybeans are one of the most important oilseed crops, containing 40% protein and 
20% oil [1]. The major soy proteins are the storage proteins deposited within cells as protein 
bodies that are estimated to contain at least 60–70% of the total soybean protein. Upon 
germination of the soybean, the protein will be digested and the released amino acids will be 
transported to locations of seedling growth. Soybean proteins belong to the globulin family of 
seed storage proteins; the two most prominent are glycinin and β-conglycinin [2]. The oil in 
soybeans is stored in small intracellular organelles called oil bodies (diameter of about 0.5-2.0 
µm).  The oil bodies contain triacylglycerols (TAGs) which serve as food reserves for 
germination and growth. Each oil body contains a TAG matrix surrounded by a monolayer of 
phospholipids (PL) and embedded proteins termed oleosins which are unique to the 
organelles [3]. Oleosins are amphiphilic proteins and in soybeans the only known oleosin 
protein has a M.W. of 24 kDa. Oleosins interact with PL to form a stable amphipathic layer 
on the surface of the hydrophobic TAG mass. This amphipathic layer maintains the integrity 
of the oil bodies during seed maturation when the oil bodies are pressed against each other 
for long periods of time [3]. The primary PL of soybean are lecithins where to the phosphate 
moieties may be phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
phosphatidylinositol (PI), phosphatidic acid (PA) [4, Jung S, personal communication, 
November 2007]. Apparently, the oleosins protect the surface PL from hydrolysis by 
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phospholipases by covering the entire surface of the oil body such that fusion of the PL and 
TAG between two adjacent oil bodies is prevented [3]. 
Soybean Oil 
Applications of soybean oil fall into two main categories: edible fat products meant 
for human consumption (e.g. margarines, pharmaceuticals, cooking oils) and industrial fat 
products used for technical purposes (e.g. anti-corrosion agents, paints, diesel fuel) [5]. 
Soybean oil is mostly extracted using organic solvents, hexane being the solvent of choice, 
producing oil yields above 95%. Hexane extraction is the modern way of processing soybeans 
because it is quicker and less expensive; however, hexane has unwanted characteristics, 
including high flammability that increases the cost of operation due to process safety [6].  
Consequently, the use of an aqueous extraction process for soybeans is attractive because it 
requires much less capital investment and does not require the use of petroleum-based 
solvent. The latter makes the aqueous process environmentally friendly and safer, especially 
in relation to lowering the volatile organic compounds (VOCs) emissions to the atmosphere 
[7].  
 The aqueous extraction process (AEP) of soybeans, as shown in the flow diagram 
(Fig. 1.1), consists of the following steps: grinding, mixing and extracting with water and 
solid-liquid and liquid-liquid separations. AEP simultaneously removes oil and protein from 
soybeans by dispersing finely milled soy flour or soy flakes in water and separating the 
solution by centrifugation into oil emulsion, aqueous and solid fractions. The extracted 
protein can be recovered from the aqueous phase by isoelectric precipitation but the recovery 
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of the oil as free oil is less efficient and demulsification is necessary to recover clear oil when 
the emulsion is formed [8].  
 
Fig. 1.1 Simplified flow diagram of the aqueous extraction processing of soybeans. 
Demulsification 
Demulsification is defined as the process whereby an emulsion is converted into the 
separate oil and aqueous phases from which it was comprised [9-11]. During coalescence, 
larger droplets grow at the expense of smaller droplets [12]. Coalescence may be proceeded 
[Fiber, Sugars, Oil] 
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by “creaming” of the less dense oil droplets above the denser “skim”. Creaming will result in 
more “contacts” between droplets and hence will favor coalescence. 
Demulsification can be achieved by sufficient disruption of the stabilizing interface to 
allow close contact between oil droplets leading to coalescence. Coalescence proceeds by 
two stages: film thinning and film rupture [13]. In the first stage, the aqueous phase between 
the oil droplet and interface is squeezed out under the combined effect of gravity, surface 
forces and centrifugation. The subsequent film rupture depends on the effect of thermal, 
mechanical or biochemical disturbances on the stabilizing properties of the emulsifier. 
Coalescence rates will therefore be determined by the dynamics of these two stages [13]. 
Considerable literature on the stabilization of the emulsion due to the formation and thinning 
of liquid films has been published [14, 15].  
There are various ways in which an emulsion can be destabilized. Enzymatic, 
electromechanical, physical, physicochemical and thermal treatments have been reported as 
means to minimize emulsion stability, thus improving oil recovery [16]. Demulsification can 
therefore be provoked by changing the temperature of the emulsion [17]. Heating the 
emulsion may dehydrate the polar head groups of the surfactant reducing the hydration 
repulsion between the oil droplets and allowing them to come closer together. Freeze and 
thaw has also been used to break the emulsion formed in various aqueous extraction 
processes [18-21]. Mechanisms of emulsion destabilization during freezing include a gradual 
closer contact of the oil droplets in the unfrozen aqueous channels between ice crystals, 
enhancement of the droplet-droplet interactions due to decrease of free water available to 
fully hydrate the droplet surface, concentration of lipids droplets favoring aggregation, 
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flocculation and/or coalescence at the interface. The addition of medium-chain alcohols has 
also been found to be effective in promoting demulsification in some systems [9, 10].  
Addition of free oil to promote phase inversion has been used for destabilization of 
emulsions that result from aqueous extraction processing of coconut, sunflower and rapeseed 
[22-24]. For oil droplets stabilized by ionic surfactants, the most effective method of inducing 
droplet coalescence is to reduce the electrostatic repulsion among the droplets. This can be 
achieved by adding electrolytes or, alternatively, changing the pH so that the surfactant loses 
its charge [9, 16]. Demulsification can also be achieved using hydrophobic membranes as 
coalescers. The oil droplets enlarge by coalescence as they are forced into contact during 
passage through the membrane after which settling can be used to eventually separate the oil 
and aqueous phases [25-27].  
The use of enzymes, especially proteases, that hydrolyze the proteins of the interface 
and lipid body membranes, has been studied as a promising alternative for overcoming low oil 
extraction yields [6, 28-31]. Even though the use of certain enzymes have been reported to 
improve the extraction yields of aqueous processes [32-34] a detailed examination of the use 
of enzymes for destabilization of the soybean oil emulsion has not yet been undertaken. The 
selection of the most appropriate demulsification technique for a given emulsion therefore 
depends on the knowledge of the type of emulsifier used to stabilize the system and the 
mechanisms by which it provides stability. 
Although many studies regarding AEP of soybeans have been reported [7, 35-39], the 
fundamental demulsification mechanism for free oil recovery is not completely understood 
resulting in poor process optimization. The majority of studies have been performed on 
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model emulsions with control of both concentration and composition of the emulsifier(s) and 
only few studies have investigated the stability of emulsions that result from aqueous 
processing [22, 23, 40, 41]. Emulsion formation and stability are more complex for soybeans 
than for other oilseeds due to the lower oil-to-protein ratio. This can be explained because 
the oil in soybeans is located at the core of oil bodies stabilized by an outer layer of 
phospholipids (PL) and basic proteins, termed oleosins [42]. Upon extraction the oil bodies 
may be disrupted but also further stabilized in an emulsion by coextracted proteins such as 
the major soy storage proteins glycinin and β-conglycinin. Other parameters that may affect 
the emulsion stability are moisture content, pre-extraction mechanical processing steps (such 
as milling, grinding and flaking), stirring times and speeds, extraction temperatures and pH, 
as well as the molecular and chemical properties of the emulsifier at the interface.   
Objectives 
The objective of this study was two-fold. First, the composition of the soybean oil 
emulsion (soy cream) formed in both, the non-enzymatic and the enzyme-assisted aqueous 
extractions, was investigated in order to identify the likely emulsifying agents.  Second, 
enzymatic, thermal and chemical treatments applied alone and in combination, were evaluated 
for their effectiveness in destabilizing theses emulsions, thereby achieving a higher yield of 
free oil.  
1.2 Thesis Organization 
This thesis includes two manuscripts. The fist manuscript “Destabilization of the 
emulsion formed during the aqueous extraction of soybean oil” (Chapter 2) was submitted to 
the Journal of The American Oil Chemists’ Society. The second manuscript “Destabilization 
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of the emulsion formed during the enzyme-assisted aqueous extraction of oil from soybean 
flour” (Chapter 3) was prepared for submission to the Journal of Enzyme and Microbial 
Technology. Chapter 2 deals with the characterization and demulsification of the soybean 
cream formed during the non-enzymatic aqueous extraction (AEP) whereas Chapter 3 deals 
with the characterization and demulsification of the soybean cream formed during the 
enzyme-assisted aqueous extraction (EA-AEP). Finally, the most important results are 
summarized in the general conclusions which are included in Chapter 4. 
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CHAPTER 2. DESTABILIZATION OF THE EMULSION FORMED DURING 
AQUEOUS EXTRACTION OF SOYBEAN OIL 
 
A manuscript submitted September 2007 to the Journal of the American Oil Chemists’ 
Society 
 
Ramón Morales Chabrand 1, 2 ⋅ Hyun-Jung Kim 3⋅  Cheng Zhang 2 ⋅ Charles E. Glatz 4 
 Stephanie Jung 5 
 
2.1 Abstract  
Characterization and destabilization of the emulsion formed during aqueous 
extraction of oil from soybean flour were investigated.  This emulsion was collected as a 
cream layer and was subjected to various single and combined treatments, including thermal 
treatments and enzymatic treatments, aimed at recovery of free oil. The soybean oil emulsion 
formed during the aqueous extraction processing of full fat flour contains high molecular 
weights glycinin and β-conglycinin proteins and smaller oleosin proteins which form a 
multilayer interface. Heat treatment alone did not modify the free oil recovery but freeze-
thaw treatment increased the oil yield from 3% to 22%.  
After enzymatic treatment of the emulsion, its mean droplet size changed from 5 µm 
to 14 µm and the oil recovery increased to 23%. This increase could be attributed to the 
presence at the emulsion interface of polypeptides of molecular weight lower than 14 kDa.   
                                                        
1
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When enzymatic treatment was followed by a freeze-thaw step, the oil recovery 
increased to 46%.  This result can be attributed to the thinner interfacial membrane after 
enzymatic hydrolysis, partial coalescence during freeze-thaw, and coalescence during 
centrifugation. Despite the reduction in emulsion stability achieved, additional demulsification 
approaches need to be pursued to obtain acceptably high conversion to free oil.  
2.2 Introduction 
Soybeans are a major crop in the United States, grown for vegetable oil and protein. 
Defatted soybean meal is largely used for feeding livestock (97%), however an increasingly 
variety of food and industrial uses have been developed [1, 2].  Hexane extraction is currently 
the most cost-effective oil recovery method for oilseed processing leading to a meal with 
residual oil content below 1% [3].  But hexane is highly flammable, toxic and ends up as 
fugitive emissions of volatile organic compounds (VOCs). These safety, environmental and 
health concerns have generated interest for replacement of organic solvent extraction [4]. 
Aqueous extraction processing (AEP) which replaces hexane with water is a promising 
alternative for soybean oil extraction. AEP enables the simultaneous production of oil and 
protein using an environmentally clean technology with potential value-added products 
without the hazards of hexane [5, 6].  However, when water is used to extract oil, the oil 
extraction yield range from 65-75% and only a small fraction of the oil is released as free oil 
whereas the majority is emulsified mainly in a cream layer but also in the aqueous phase (skim 
milk). Enzyme-assisted AEP of extruded soy flakes was shown to increase the oil recovery to 
88% however the formation of stable oil-rich cream fraction was still observed [5]. Extracted 
oil has to be recovered from the AEP as free oil for this process to be economically feasible. 
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Emulsion stability depends on the molecular and chemical properties of the emulsifier 
at the interface and environmental and process conditions [7, 8].  These parameters have an 
effect on creaming, coalescence and flocculation of the emulsion and may be manipulated to 
modify its stability. Enzymatic, physical and physicochemical treatments have been reported 
as means to reduce emulsion stability [8].  The majority of studies have been performed on 
model emulsions with control of both concentration and composition of the emulsifier(s).  
Few studies have investigated the stability of the emulsion formed from AEP. In soybean the 
triacyglycerols (TAG) are at the core of oil bodies stabilized by an outer layer of 
phospholipids (PL) and proteins, termed oleosins [9]. Upon extraction the oil bodies may be 
disrupted but also further stabilized by coextracted proteins such as the major soy storage 
proteins glycinin and β-conglycinin.  
In this study the approach was two-fold.  First, the composition of the cream formed 
during aqueous extraction of soybean flour was determined in order to identify the likely 
emulsifying agents.  Second, enzymatic and thermal treatments applied alone and in 
combination, were evaluated for their effectiveness in destabilizing this emulsion, thereby 
achieving a higher yield of free oil.  
2.3 Experimental Procedures 
Materials 
Soybean flour was prepared in the pilot plant of the Center for Crops Utilization 
Research at Iowa State University and stored at 4 °C.  The flour was prepared from variety 
IA 1008 soybeans. The soybeans were cracked, the hulls were aspirated and the meats were 
milled twice with a pin mill. The oil content of the flour, determined by the Goldfisch method 
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[10], was 22% and the crude protein content, determined by the Dumas method [11] with a 
conversion factor of 6.25, was 48.5% (dry basis).  
Oil Extraction and Phase Separation 
Extractions were conducted in a 2 L reaction vessel (Model CG-1926-03, ChemGlass 
Inc., Vineland, NJ).  The flour (200 g) was dispersed at 200 rpm in 2 L of distilled water at 
50oC.  The pH of the dispersion was adjusted to 8 with 2 N NaOH. After stabilization of the 
pH, stirring continued for 15 min.  After extraction, the sample was left for 1 h on a 
laboratory bench to cool at 25oC.  Sodium azide (0.04%) was added to the cooled sample to 
prevent microbial growth.  Insoluble fraction, aqueous phase and cream were separated by 
centrifugation in a 250 mL centrifuge bottles at 3,000g for 15 min and 25 ºC (Sorvall RC-5B, 
Newtown, CT) using a HS-4 Swinging Bucket rotor.  After centrifugation, the cream layer 
(oil emulsion) was located at the top of the supernatant.  The cream was collected on top of a 
200-mesh sieve by decanting the supernatant gently through the screen. The yield of cream 
(%) was calculated as weight of cream (as is) over initial weight of full fat flour (as is). 
Enzymatic Treatment 
Thirteen grams of soybean cream were mixed with 1.45 g of distilled water in a 250 
mL beaker. This small addition of water was necessary for reliable pH determination. The pH 
was adjusted to 8 and Protex 7L (bacterial neutral endoprotease kindly provided by Genencor 
International Inc, Rochester, NY) was added at 1% (w/w) into the cream. The samples were 
shaken in an incubator shaker (Model C24, New Brunswick Scientific, Edison, NJ) at 115 
rpm and 50oC for 3 h. The enzyme-treated cream was completely transferred to 30 mL glass 
centrifuge test tubes and the enzyme deactivated by heating in a water bath at 95oC for 5 min. 
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The tubes were then centrifuged at 3,000g for 15 min and 25 ºC. The free oil released after 
centrifugation was removed with a plastic pipette and weighed for oil quantification. 
Thermal Treatment 
The enzyme-treated cream and corresponding control (cream treated as above but 
without Protex 7L addition) were heated at 95oC for an additional 30 min period after 
enzyme deactivation and cooled in a chilled water bath before centrifugation was performed 
at the same conditions previously given. For the freeze-thaw treatment, the enzyme-treated 
cream and corresponding control were held in a freezer (Model Isotemp, Fisher Scientific, 
Pittsburgh, PA) at -18oC for 24 h. The samples were then thawed by incubating at 30oC for 3 
h before centrifugation. 
Particle Size Distribution  
The volume-weighted mean diameters (D4,3) of the emulsion obtained after treatments 
and before centrifugation were measured by laser light scattering particle size analyzer 
(Mastersizer 2000 S, Malvern Instruments, Ltd., Chicago, IL).  Small portions of the sample 
were dispersed in 50 mL of distilled water by vortexing for 30 s before the analysis was 
performed. The refractive index (RI) used for the soybean oil droplets was 1.47 and 1.333 for 
the dispersant [12]. The absorption value was set up at 0.001. All measurements were carried 
out at 25 °C. 
Cream Characterization 
The original cream obtained directly after extraction was prepared for 
characterization using the method of Hunt et al. [13] and Agboola et al. [14, 15]. A flowchart 
of the detailed procedure for cream characterization is shown in Fig. 2.1. The cream was 
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washed by dispersion into 4 parts of distilled water then recovered by centrifugation at 
15,000g and 25oC for 30 min (Sorvall RC-5B centrifuge, Newtown, CT) using a fixed angle 
rotor (Model SLC-1500, Kendro, Ashville, NC) and decanting onto a 200 mesh sieve. The 
washed cream was then stored at 4oC before analysis. The crude protein content of the cream 
was from nitrogen content determination (Rapid NIII combustion analyzer; Elementar 
Americas, Inc., Mt. Laurel, NJ) using a factor of 6.25.  Total carbohydrate content was 
determined using the phenol-sulfuric acid method described by Fox et al. [16]. The solids 
content was determined gravimetrically after drying at 105oC (Stabil-Therm oven; Blue M 
Electric Company, Blue Island, IL) with measurements taken over 24 h until constant mass 
was reached.  Crude oil, TAG and PL, were isolated from the cream by Folch method [17], 
which includes an extraction step with a chloroform/methanol mixture (2:1 by volume) 
followed by a wash step with a methanol/water mixture (1:1 by volume). The collected oil 
extract was evaporated under vacuum in a rotary evaporator for 30 min at 25oC to remove 
chloroform, methanol and trace amount of water. TAG and PL were fractionated with a 
crosscurrent extraction using a binary system formed by mixing equal volumes of hexane and 
87% ethanol as described by Galanos et al. [18]. The TAG were evaporated in a fume hood 
to remove hexane; the difference between the crude oil and the TAG was considered as the 
PL yield.  
Proteins of the washed cream were isolated by acetone precipitation [19] where ice-
cold acetone was added to the cream in a ratio of 20:1 (v/w). The solution was mixed, 
incubated at –18oC for 2 h, and then centrifuged at 14,000g for 15 min at 4oC.  The 
supernatant was removed and the precipitate was washed 4 to 5 times with cold acetone until 
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no yellow color was seen in the solvent. The protein pellet was air dried at 25oC to remove 
residual acetone. 
The dried protein pellet (approximately 5 mg) was then dispersed in 1 mL of a 
solution of 2% SDS, 8 M urea and 50 mM DTT. Protein samples were combined with an 
equal volume of sample buffer containing 200 mM Tris-HCl pH 6.8, 2% SDS, 40% glycerol, 
0.04% bromophenol blue and 350 mM of DTT and heated at 100oC for 5 min before being 
loaded to a ready gel Tris-HCl 4-15% acrylamide linear gradient gel  (BioRad, Cat # 161-
1104, Hercules, CA) and a ready gel Tris-Tricine 16.5% acrylamide resolving gel (BioRad, 
Cat # 161-1107, Hercules, CA). 
SDS-PAGE was performed on these protein fractions and run at 200 V for 35 min in 
a Mini-PROTEAN® II Electrophoresis Cell (BioRad, Hercules, CA). The loading amount of 
protein into the gel was 10 µg. After electrophoresis, the gels were stained with Coomassie 
Brilliant Blue. The protein molecular weight distribution was calculated from the 
densitometric measurement of protein bands on the gel with the software ImageJ [20].  
The surface protein concentration, Γ, was calculated according to Agboola [14, 15]: 
                      
SSA
M OP /
=Γ              [2.1] 
Where MP/O, the mass ratio of protein to oil, was from the cream composition and 
SSA, the specific surface area of the oil droplets, was calculated using the following 
equation:  
oilD
SSA
ρ
16
2,3
∗=               [2.2] 
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Where D3,2, the surface-area averaged particle size was determined with particle size 
analysis and the soybean oil density was 0.92 g/cm3. 
 
Fig. 2.1 Flow diagram for characterization of the oil emulsion obtained during AEP of full fat soybean flour. 
 
Characterization of the proteins absorbed at the emulsion interface 
Proteins adsorbed at the oil/water interface were separated following the method of 
Dickinson and Matsumura [21].  After individual destabilization treatment, each emulsion 
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sample was washed from free unadsorbed protein by centrifugation at 10,000g for 15 min at 
25oC.  The cream was then dispersed in distilled water and the washing step was repeated.  
An equal volume of 4% SDS, 20% glycerol, 0.125 M Tris-HCl buffer, pH 6.8, was added to 
the washed emulsion cream, which was then stirred at room temperature for 24 h to extract 
proteins adsorbed at the emulsion droplet surface. The sample was then centrifuged again. 
The proteins were dissolved in 1M Tris-HCl, pH 6.8, containing 20% glycerol, 10% SDS, 
0.05 M urea and 0.4% bromophenol blue and boiled for 5 min. Ten microgram of samples, 
and 5 µg of molecular weight maker (Sigma M-3913) were loaded into 4-20% Tris-HCl gel 
(Biorad, Cat# 161-1105, Hercules, CA) at 200 V on a PROTEAN Electrophoresis Cell 
(Biorad, Hercules, CA). 
Statistical Analysis  
A screening experimental design with five factors: enzyme treatment (E), heat 
treatment (H), freeze-thaw treatment (FT), enzyme + heat treatment (E-H) and enzyme + 
freeze-thaw treatment (E-FT), was used and analyzed with JMP 6 (SAS Institute Inc., Cary, 
NC). The responses were the particle size (D4,3) and the free oil recovery (%). All the 
measurements for oil recovery and particle size determination were done in triplicate and 
analyzed by the one-way analysis of variance statistical method (ANOVA). The means from 
the cream composition and from each treatment were compared by using the Tukey’s 
Honestly Significant Differences (HSD) test. The level of significance was defined as p ≤ 0.10. 
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2.4 Results and Discussion 
Characterization of Soybean Cream Layer 
The yield of cream obtained during aqueous extraction of full fat soybean flour was 
18 ± 1.5%. This collected cream layer was stable for four weeks with refrigeration and no 
noticeable free oil could be observed even after high centrifugation (15,000g; results not 
shown).  
The two major components of the cream formed during AEP were TAG and water 
and lesser quantities of proteins, carbohydrates and phospholipids (Table 2.1).  
 
Table 2.1 Percentage composition of soybean oil emulsion 
 
Oila  Water  
   
Proteins  
  
Carbohydrates  Phospholipids 
Soy cream  59 ± 5.80  35 ± 6.40   5 ± 0.69   1.3 ± 0.23  0.8 ± 0.15 
Mean  ±  90% confidence intervals from triplicates.  
a
 TAG content. 
 
Both quantity and type of proteins present at the interface might play an important 
role in the emulsion stability. Surface protein concentration (Γ) is an index that can be used to 
characterize emulsion stability.  Tcholakova et al. [22] has shown that a surface protein 
concentration of 1~2 mg/m2 was the smallest coverage of oil droplet to form a monolayer to 
ensure a stable emulsion. The ratio of protein to oil of our cream was 89.79 mg/g, the 
specific surface area 6.13 m2/g and the surface protein concentration of this AEP-occurring 
emulsion, calculated by means of Eq. 2.1, was 14.65 mg/m2. This high value indicates a stable 
multilayer emulsion [22]. This value was much higher than the value of 3.03 mg/m2 reported 
for an emulsion stabilized by soy protein isolates [23]. 
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The SDS-PAGE of the surface proteins from the untreated-washed cream revealed 
the presence of the α’, α and β subunits of β−conglycinin and acidic (A) and basic (B) 
subunits of glycinin, the two major soybean storage proteins (Fig. 2.2). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
M.W. range Mass percent (%) 
> 25 kDa 43.6 
< 25 kDa 56.4 
Fig. 2.2 Molecular weight distribution and SDS-PAGE profile of the proteins in the untreated washed cream. 
1: M.W. marker (10-100 kDa range); 2: glycinin marker; 3: β-conglycinin marker; 4: polypeptides from 
untreated cream. A: acidic subunit of glycinin, B: basic subunit of glycinin, O: oleosin 24kDa. 
 
β-Conglycinin is a trimer with a molecular mass of 150-200 kDa and glycinin is a 
hexamer of 300-380 kDa. Several bands with molecular weight ranging from 18-24 kDa were 
also identified in the gel and were attributed to oleosin proteins. Oleosins are amphipatic 
proteins composed of a N- and C-terminal domains and a hydrophobic central domain and 
represent the most abundant proteins found at the lipid surface bodies [9, 24]. Polypeptides 
having a molecular weight higher than 25 kDa, which included mainly the α’, α and β 
subunits of β-conglycinin and acidic subunit of glycinin, represented 43.6% of the total 
polypeptide present at the interface. Among the remaining 56.4%, 28% was attributed to the 
basic subunit of glycinin. The fact that glycinin and β-conglycinin in addition to oleosins were 
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at the emulsion interface differed from the result of Guo et al. [25] reporting that in soymilk 
the oil globules contained mainly oleosin and minor quantities of glycinin and β-conglycinin. 
Difference in processing between soymilk production involving a grinding step and our AEP 
could explain a difference in the protein absorption process.  
Dickinson [26] reported that high M.W. protein emulsifiers form strong viscoelastic 
interfacial films between droplets and prevent coalescence, which is thought to be one of the 
major mechanisms stabilizing emulsions [8]. The stability of the soybean oil emulsion formed 
during AEP might, therefore, be due to the presence of multilayer protein emulsifiers of high 
molecular weights and the presence of the emulsion-stabilizing oleosin. The presence of 
phospholipids in the cream would provide additional emulsion stability [9] but their role was 
not investigated further. Carbohydrates might also play a role in the emulsion stability, but 
they do not work as emulsifier alone. Rather, carbohydrates interact with proteins to form 
complex interfacial structures [27].  
The focus of this study was on emulsion destabilization through modification of the 
proteins absorbed at the interface. Accordingly, both thermal and enzymatic treatments were 
chosen to destabilize the multilayer proteins. First, thermal destabilizations using heating and 
freezing steps were investigated. It has indeed been established that thermal treatment above 
the protein denaturation temperature leads to the denaturation and aggregation of the 
proteins absorbed at the interface and those present in the continuous phase, which 
increments the oil droplet size [8, 28]. A thermal treatment of 95 °C treatment applied for 30 
min was chosen based on the denaturation temperature of around 75oC and 93oC of the two 
major soy proteins, β-conglycinin and glycinin, respectively [29]. The effect of this treatment 
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on oleosin protein native state is unknown as its denaturation temperature is not reported in 
the literature. Freeze and thaw is thought to promote coalescence due to the concentration of 
oil droplets between ice crystals that favors droplet-droplet interactions [30-31] and 
promotes destabilization of various types of food emulsions. Mechanisms of emulsion 
destabilization during freezing has been described in many papers and involve a gradual closer 
contact of the oil droplets in the unfrozen aqueous gaps between ice crystals, enhancement of 
the droplet-droplet interactions due to decrease of free water available to fully hydrate the 
droplet surface, concentration of lipids droplets favoring aggregation, flocculation and/or 
coalescence at the interface [30-32]. At the same time, freezing to -18oC causes some of the 
TAG in the soybean oil droplets to crystallize. This may promote partial coalescence due to 
penetration of a fat crystal from one droplet through the membrane of another droplet [32]. 
The addition of protease to the already formed emulsion is expected to cause the 
hydrolysis of the interfacial proteins, reducing the rigidity of the oil droplet interface and thus 
permitting oil droplet aggregation/coalescence [33].  
Table 2.2 Effect of treatments on the mean droplet diameter (D4,3) of the soybean oil emulsion before 
centrifugation. 
Treatment D4,3 [µm]* 
Untreated cream (control)   5 ± 0.27 a 
Heat 14 ± 0.48 b 
Freeze-Thaw  15 ± 0.59 b 
Enzymatic (1%wt)                 14 ± 1.26 b 
Enzyme-Heat 27 ± 3.00 c 
Enzyme-Freeze and Thaw 25 ± 4.00 c 
*Values represent mean ± 90% confidence intervals from triplicates. Values with different letters are 
significantly different at p<0.10 
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Thermal Treatments 
The heat treatment (95 °C, 30 min) and the freeze-thaw treatment (-18 °C and 30 °C) 
increased the mean droplet diameter D4,3 from 5 µm to 15 µm (Table 2.2). The particle size 
distribution of the untreated cream (control) was bimodal and after thermal treatments 
broader peaks indicating population of larger droplets were observed (Fig. 2.3A). The 
increase in the mean droplet size coupled with centrifugation did not modify the oil yield of 
the heat-treated cream (Fig. 2.4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3 Particle size distribution profile of cream subjected to different treatments. A: Single treatment. C – 
control; E - enzymatic treatment; H - heat treatment; FT - freeze and thaw treatment; B: Combined treatment. 
E-H - enzymatic followed by heat; E-FT - enzymatic followed by freeze and thaw. 
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On the other hand, with the freeze-thaw treated cream, for which the particle size 
increase was similar to what was observed with heat-treatment, the oil yield increased from 3 
to 22%. 
 
Fig. 2.4 Effect of treatments on emulsion free oil recovery yields. Bars with different letters are statistically 
different at p < 0.05. Errors bars represent 95% confidence interval. 
 
The gel A of Figure 2.5 represents the SDS-PAGE profile of the polypeptides 
absorbed at the cream interface after individual treatment. Bands at the top of the gel 
representing high molecular weight polypeptides, which were not able to enter into the gel, 
were seen at different intensity depending of the sample. In the untreated cream the subunits 
of glycinin and β-conglycinin were not clearly seen which differs with the profile obtained in 
Figure 2.2. The samples of gel A Figure 2.5 being prepared without use of 2-mercaptoethanol 
[21], it seems that glycinin and β-conglycinin subunits formed complexes involving disulfide 
bonds. The band with a 24 kDa molecular weight was attributed to oleosin protein. After 
heat treatment, the 24 kDa band was the only remaining protein at the interface. This result 
indicated that rearrangements occurred during heat treatment modified the proteins absorbed 
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at the interface, and probably decreased some of the electrostatic and steric repulsion leading 
to the observed increase of the mean droplet diameter of the emulsion but did not promote 
any phase separation. These rearrangements during heating involved disulfide bonds which 
agreed with previous observation of Utsumi et al. [34] reporting formation of 
macrocomplexes involving disulfide bonds during heating of a soy protein mixture of glycinin 
and β-conglycinin. After freeze-thaw, the peptide profile of the proteins was unchanged 
suggesting partial coalescence among oil droplets due to the droplet-droplet interaction in the 
frozen cream and the centrifugally-driven contact of droplets rather than any change in the 
proteins absorbed at the interface.  
A.               1          2          3        4        5       6       7 B.     1            2           3 
 
Fig. 2.5 SDS-PAGE profile of proteins from soybean oil emulsion subjected to various treatments. Gel A:  
Cream samples were prepared without use of 2-mercaptoethanol. Tris-HCl 4-15% acrylamide linear gradient 
gel. 1: M.W. marker (66-6.5 kDa range); 2: β-conglycinin marker; 3: commercial soy protein isolate marker; 
4: untreated cream, 5: freeze-thaw treated cream, 6: heat treated cream, 7: enzyme treated cream. Gel B: Tris-
tricine 16.5% acrylamide resolving gel. 1: M.W. marker (26-3.5 kDa range); 2: untreated cream; 3: 
enzymatic treated cream. 
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Enzymatic Treatment   
Enzymatic treatment’s effect on the D4,3 of the cream was similar to that of the two 
thermal treatments (Table 2.2). The particle size distributions for these three treated creams 
(Fig. 2.3A) were also alike, with the particle size distribution of the two thermal treatments 
showing broader peaks. The particle size distribution of the enzyme-treated cream showed a 
narrow peak in the 50-90 µm area.  This peak was also higher than the peaks of the other 
two thermal treatments. On the other hand, it was also noticed that the peak observed in the 
0.1-1 µm area was less pronounced. After enzymatic treatment with Protex 7L, only 
polypeptides smaller than 14 kDa remained (Fig. 2.5A and B), demonstrating that this 
protease treatment could effectively reduce interfacial protein size. This modification of the 
polypeptide profile at the emulsion interface did not promote oiling off before centrifugation, 
but did increase the oil yield to 23% after centrifugation (Fig. 2.4), a result comparable to 
that achieved with freeze-thaw. The increase in droplet size and conversion to free oil 
reflected that protease-modified interface was less stable than the rigid interface provided by 
the multilayer large-protein interface of the untreated cream [8]. 
Combination of Enzymatic and Thermal Treatments   
When the cream was subjected to protease treatment followed by heat treatment (E-
H) the mean particle diameter of the soybean oil emulsion increased from 14 µm to 27 µm 
(Table 2.2). The polypeptide profile of the remaining creams obtained by combination of 
enzymatic and thermal treatment was similar to the profile obtained with enzymatic treatment 
alone (results not shown).  The particle size distribution for this combined treatment showed 
that an important population of larger droplets was formed; also, the peak observed in the 
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0.1-1 µm area almost disappear (Fig. 2.3B).  With this combinative treatment, oil recovery 
improved to 29% (Fig. 2.4).  
Combination of enzymatic and freeze-thaw (E-FT) treatment increased particle 
diameter to 25 µm (Table 2.2).  The particle size distribution showed a broader peak than for 
the enzyme/heat treatment (Fig. 2.3B). For this combined treatment the peak in the 0.1-1 µm 
area decreased, as was seen before for all the enzyme-thermal combination treatments. Free 
oil recovery increased to 46%, the highest value achieved (Fig. 2.4). Even so, the level of 
residual cream indicates that this focus on the protein component of stabilization was not 
sufficient to totally destabilize the cream formed during AEP of full fat flour.  
This study has identified the likely stabilizers of the oil emulsion resulting from 
aqueous extraction of oil from soy flour.  Destabilization efforts aimed at the protein 
component reduced stability but not enough to achieve high conversions to free oil.  
Additional work needs to be directed at the stabilizing roles of phospholipids and residual 
polypeptides.  
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CHAPTER 3. DESTABILIZATION OF THE EMULSION FORMED DURING THE 
ENZYME-ASSISTED AQUEOUS EXTRACTION OF OIL FROM SOYBEAN 
FLOUR 
 
A manuscript prepared for submission to the Journal of Enzyme and Microbial Technology 
Ramón Morales Chabrand 1, 2 ⋅ Charles E. Glatz 3, 4 
3.1 Abstract  
In the present study, soybean oil was extracted by enzyme-assisted aqueous extraction 
process (EA-AEP) under optimized processing conditions with main emphasis on their 
effectiveness upon recovery of free oil. Because water was used to extract oil from soybean 
flour, a small proportion of the oil was released as free oil whereas the majority was trapped 
into an emulsion mainly in a cream layer. The oil-in-water emulsion, containing a high 
concentration of oil globules emulsified by proteins and phospholipids was located at the top 
of the supernatant and it had to be demulsified to make possible the separation of free oil. 
Therefore, characterization and destabilization of the emulsion formed during EA-AEP of 
soybean flour with Protex 7L were investigated.  The SDS-PAGE of the soybean cream 
showed that the subunits of β-conglycinin and glycinin were fully degraded after 2 h of 
extraction. Only small residual polypeptides could be noticed; these polypeptides were still 
capable of providing stability to the cream forming a multilayer interface. The cream layer 
was subjected to various treatments, including chemical treatments and enzymatic treatments, 
aimed at recovery of free oil.  
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Chemical demulsification by adjusting the pH at 4.5 increased the oil yield from 2% to 
83%. After a two-stage enzymatic demulsification process with Protex 6L the oil recovery 
increased to 95%. The increase could be attributed to the presence at the emulsion interface 
of polypeptides of molecular weight lower than 10 kDa.  When enzymatic demulsification 
with G-ZYME was combined with pH 4.5, the oil recovery increased to 100% and complete 
degradation of the cream layer was observed. The mean droplet size increased significantly in 
all cases. This result can be ascribed to the disruption of the interfacial film due to enzymatic 
hydrolysis, partial coalescence during incubation, and coalescence after centrifugation. The 
enzyme activity assay on the second skim showed that Protex 6L retained more than 90% of 
its activity after a single demulsification treatment offering the potential for recycle in the 
process. 
3.2 Introduction  
Industrially, edible oils are extracted from oilseeds using organic solvents, such as 
hexane or isopropanol [1, 2]. However, due to safety, environmental and capital investment 
concerns with the current hexane-based process, interest has evolved in alternative processes 
for extraction based on aqueous extractants [3, 4]. Aqueous extraction processing (AEP), 
which uses water as an extraction and separation medium, has been used in oil-bearing 
materials such as soybeans, sunflower seeds, peanuts and palm kernel for the simultaneous 
production of oil and protein [5-10]. However, when AEP is used to extract oil from 
soybeans, the yield is low and only a small proportion of the oil is released as free oil whereas 
the majority is emulsified, appearing after centrifugation in either a cream fraction or an 
aqueous skim fraction [11-13].  To achieve acceptable yields with this “nonsolvent” 
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approach, considerable mechanical treatment (such as screw pressing and extruding-
expelling) is required to rupture the cell walls and denature the proteins that surround the oil 
bodies [14]. Despite the effectiveness of these processes, denaturation of the proteins due to 
the exposure of high heat and high shear delivers poor quality meals for food use [15]. The 
use of EA-AEP for full-fat soy flour (without the extruding-expelling step) is attractive 
because offers the simultaneous production of oil and protein and the possibility for low-
scale, low-technology operations [16, 17]. 
 It has been reported that enzyme-assisted aqueous extraction processing (EA-AEP) 
of extruded full-fat soy flakes with proteases achieves as much as 90% oil extraction from 
insoluble solids [12, 14]. Enzymatic hydrolysis, prior and during extraction, is another option 
for treatment of oilseeds as carbohydrases could break up the cell wall and proteases assist 
solubilization of protein bodies thus removing physical barriers to oil release [11, 18]. Such 
treatments have helped increase oil yields in the processing of soybeans for aqueous [5, 17] 
and hexane [19] extraction.  
The oil released during aqueous extraction may be in the form of the desired free oil 
but more likely is emulsified and appears largely as a cream fraction upon centrifugation with 
some portion still in the skim fraction. Thus, demulsification of the cream fraction to 
maximize free oil recovery is a major concern. The cream fraction is an oil-in-water emulsion 
containing oil stabilized by dissolved proteins, phospholipids and carbohydrates [13].  
The behavior of proteins at emulsion interfaces is not fully understood, but some 
general principals are known. Amphiphilic water-soluble proteins tend to absorb at the 
oil/water interface creating a steric barrier to coalescence. In addition to proteins, 
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phospholipids and carbohydrates may also stabilize the cream. Bos et al [22] showed that 
phospholipids are highly surface-active and can significantly influence emulsion stability. 
Carbohydrates might also play a role in the emulsion stability. Their role is to stabilize an 
emulsion that has already been formed by viscosity increase or gelation of the aqueous phase 
separating the droplets [21]. Moisture content, pre-extraction mechanical processes such as 
grinding, flaking and extruding, may also impact emulsion formation and stability [12]. 
There are various ways in which the structure of an emulsion can be modified to be 
thermodynamically unstable. Demulsification can be provoked by increasing the temperature 
of the emulsion [13, 23]. Freeze and thaw has also been used to break the emulsion formed in 
various aqueous extraction processes [13, 24]. The addition of medium-chain alcohols has 
also been found to be effective in promoting demulsification in some systems [25]. Addition 
of free oil to promote phase inversion has been used for destabilization of emulsions that 
result from aqueous extraction processing of coconut [26]. Addition of electrolytes or, 
alternatively, changes in the pH has been applied to break the emulsion by causing the 
surfactant to lose its charge [21]. Furthermore, enzymatic demulsification of the cream 
formed in the AEP of soy flour [13] and in the EA-AEP of extruded soy flakes [12], has been 
reported to minimize emulsion stability, thus improving oil recovery.  
In this study we propose the destabilization of the emulsion formed in the EA-AEP of 
full-fat soybean flour through the addition of enzymes in order to cause the hydrolysis of the 
interfacial proteins, reducing the rigidity of the oil droplet interface, or of the phospholipids, 
eliminating their surface activity, thus permitting oil droplet aggregation/coalescence. The 
idea is to concentrate the oil globules into a cream by centrifugation and then add enzymes 
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with different specificities that disrupt the proteins and phospholipids with the purpose of 
maximizing the free oil recovery from the emulsion.  
 The objectives of this study were, first, to characterize the soybean cream (formed 
during EA-AEP of full-fat soybean flour) in order to identify and quantify the emulsifiers 
present; second, to determine and optimize the enzymatic hydrolysis process parameters for 
demulsification of the cream layer in order to improve the oil yields.  
3.3 Experimental Procedures  
Materials 
Soybean flour was prepared in the pilot plant of the Center for Crops Utilization 
Research at Iowa State University and stored at 4°C.  The soybeans were cracked, the hulls 
were aspirated and the meats were milled twice with a pin mill. The oil content of the flour, 
determined by the Goldfisch method [27], was 25 ± 0.01%  and the crude protein content, 
determined by the Dumas method [28] with a conversion factor of 6.25, was 36 ± 0.03% (dry 
basis).  
Protex 6L (Alkaline serine-endopeptidase, optimum pH 7.0-10.0, optimum 
temperature 30-70oC), Protex 7L (neutral metallo-endopeptidase from Bacillus 
amyloliquefaciens, optimum pH 6.0-8.0, optimum temperature 40-60oC), Protex 30L 
(Alkaline serine-endopeptidase, optimum pH 7.0-10.0, optimum temperature 60-65oC) and 
G-ZYME (lyso-phospholipase A1 from Aspergillus niger, optimum pH 4.0-5.0, optimum 
temperature 50-60oC) were kindly provided by Genencor International (Rochester, NY). All 
these enzyme preparations were in the form of food grade solutions.  Reported enzyme levels 
were in terms of weight of enzymes solution as received. 
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Fig. 3.1 Flow diagram of the EA-AEP of full fat soybean flour for optimum demulsification of the cream 
fraction.  
Oil Extraction and Phase Separation (See Figure 3.1) 
Extractions were conducted in a 2 L reaction vessel (Model CG-1926-03, ChemGlass 
Inc., Vineland, NJ).  For this extraction the water to solids ratio (L/S) was 8 g/g thus 254 g 
of full fat soybean flour were dispersed in 2000 g of distilled water at 500 rpm and 50oC 
(Campbell K, personal communication, June 2007).  The pH of the dispersion was maintained 
at 8 with 2 N NaOH by an automatic titrator (Metrohm tritrator, model STAT Titrino 718) 
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for 120 min at which point nonenzymatic extraction has plateaued. At this point, the liquid 
proteolytic enzyme preparation, Protex 7L, was added to the reactor at enzyme-to-solids 
ratio (E/S), based on as-supplied Protex 7L to original solids in soy flour, of 0.016 
(equivalent to 3.85 g of Protex 7L) and stirring continued at pH 8 for another 120 min to 
complete the total 4 h extraction period. The degree of hydrolysis (DH) was followed by the 
pH-stat method [29, 30]. DH was calculated from the volume of base added by the titrator 
(B) to maintain constant pH, by the following relationship: 
%100*111
t
B hMP
BNDH
α
=     [3.1] 
where B is the consumption (mL) of base, NB is the normality of the base (2 N NaOH), MP is 
the mass (g) of protein in the sample, α is the degree of dissociation (at pH 8 and 50oC can be 
estimated as 1.13 [30]), and ht is the total number of peptide bonds per weight of protein 
(taken as 7.8 meqv/g for soybean [30]). 
After the EA-AEP the extract was left for 1 h on a laboratory bench to cool at 25oC 
and then stored overnight at 4oC after which the samples were centrifuged to separate the 
insoluble, skim, and cream fractions. Centrifugation was carried out in 250 mL centrifuge 
bottles at 3,000g and 25ºC for 15 min using a HS-4 swinging bucket rotor (Sorvall RC-5B, 
Newtown, CT).  After centrifugation, the cream layer (oil emulsion) was collected on a 200-
mesh sieve by decanting the supernatant gently through the screen. The cream was then 
stored overnight at 4oC in a 100 mL beaker for further demulsification. 
Enzymatic treatments for demulsification 
Figure 3.2 details the different demulsification treatments appearing in Figure 3.1. For 
each treatment, 10 g of cream were mixed with 2 g of distilled water in a 30 mL beaker. This 
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small addition of water was necessary for properly adjusting the pH of the emulsion. The pH 
was adjusted to the optimum for each enzyme (pH 9.0 for Protex 6L and Protex 30L and pH 
4.5 for G-ZYME). Protex 6L and Protex 30L were added to the cream and stirred for 3 h at 
50oC. The enzyme concentrations and agitation levels are shown in Table 3.1 for the full 
factorial experiment. For demulsification with G-ZYME the samples were placed in a water 
bath and agitated on a magnetic stirrer at 700 rpm and 50oC for 1 h without enzymatic action 
to verify that the lower pH alone was not effective as had been the case for cream from an 
extrusion process [Jung S, personal communication, May 2007].  Next, the enzyme G-ZYME 
was added to the cream at 2 % (w/w) and hydrolysis followed at the same incubation 
conditions for 2 h. The total demulsification time was 3 h long. The complete 
extraction/demulsification experiment was repeated three times. Controls were treated 
identically but water replaced the enzyme added. After hydrolysis, the beakers of enzyme-
treated creams and controls were heated in a water bath at 95oC for 5 min to inactivate the 
enzymes and then transferred to 30 mL glass centrifuge test tubes for centrifugation at 
3,000g and 25ºC for 15 min. The free oil released after centrifugation was removed with a 
plastic pipette and weighed for oil quantification.  
Acidification treatment 
 10 g of soybean cream were adjusted to pH 4.5 with 1 M HCl and the samples were 
incubated in a water bath at 700 rpm and 50oC for 3 h followed by the same heating step as 
had been used for enzyme inactivation. For comparison, cream at its initial pH 8 and cream at 
pH 9 were also treated the same. The free oil released after centrifugation was removed with 
a plastic pipette and weighed for oil quantification. 
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Oil determination 
For both demulsification treatments the oil recovery was calculated as the percentage 
free oil (w/w) obtained with respect to total oil present in the soybean cream (as is): 
100cov% x
creaminoilofweighttotalAverage
extractedoilfreeofWeight
eryreoil =       [3.2] 
 The total amount of oil in the cream was determined by solvent extraction using the 
Folch method [31]. 
Particle Size Distribution  
The volume-weighted mean diameters (D4,3) of the oil droplets in the original cream 
and the creams obtained after demulsification treatments (before centrifugation) were 
measured by laser light scattering using a particle size analyzer (Mastersizer 2000 S, Malvern 
Instruments, Ltd., Chicago, IL).  Small portions of the EA-cream were dispersed in 50 mL of 
distilled water before the analysis was performed. The refractive index (RI) used for the 
soybean oil droplets was 1.47 and the RI for the dispersant was 1.333 [32]. The absorption 
value was 0.001 and all measurements were carried out at 25°C. 
Cream Characterization  
The chemical composition of the EA-EAP cream was determined by following Figure 
2.1 which shows the procedure used earlier for characterization of the cream extracted by 
AEP process [13]. 
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The cream was washed by dispersion into 4 parts of distilled water and then 
recovered by centrifugation at 12,000g and 25oC for 20 min (Sorvall RC-5B centrifuge, 
Newtown, CT) using a fixed angle rotor (Model SLC-1500, Kendro, Ashville, NC). Next, 
the supernatant was decanted onto a 200 mesh sieve and collected in 100 mL beaker. The 
washed cream was then stored at 4oC for further analysis.   
Peptide Profiles 
SDS-PAGE was performed to determine the effects of hydrolysis on soy protein 
profiles. Thus, proteins absorbed at the oil/water interface in the cream were isolated from 
emulsified oil by acetone precipitation [33] where ice-cold acetone was added to the cream in 
a ratio of 20:1 (v/w). The solution was mixed, incubated at –18oC for 2 h, and then 
centrifuged at 12,000g for 15 min at 4oC.  The supernatant was removed and the precipitate 
was washed 3 times with cold acetone. The protein pellet was air dried at 25oC to remove 
residual acetone.   
The dried protein pellet was then dispersed in 1 mL of a solution of 2% SDS, 8 M 
urea and 50 mM DTT. Protein samples were combined with an equal volume of sample 
buffer containing 1 M Tris-HCl pH 6.8, 2% SDS, 40% glycerol, 0.04% bromophenol blue 
and 350 mM of DTT and heated at 100oC for 5 min before being loaded to a ready gel Tris-
HCl 4-15% acrylamide linear gradient gel  (BioRad, Cat # 161-1104, Hercules, CA). SDS-
PAGE was performed on these protein fractions and run at 150 V for 35 min on a Mini-
PROTEAN® II Electrophoresis Cell (BioRad, Hercules, CA). The loading amount of protein 
into the gel was 10 µg. After electrophoresis, the gels were stained with Coomassie Brilliant 
Blue. 
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Enzyme Activity Assay 
Upon centrifugation of the demulsified-cream with Protex 6L three fractions were 
recovered: free oil, residual cream and a “second” skim (see Fig. 3.3). The last was assayed 
for residual enzymatic activity. Enzymatic activity was determined from the initial rate of 
protein hydrolysis of a commercial soy protein isolate (Profam 646, ADM, Decatur, IL) 
based on a standard curve from known Protex 6L concentrations. Hydrolysis was carried out 
with 20 g of Profam 646 in 378 g of water. The solution was combined with 1.5 g of second 
skim or protease standard in a 600 mL beaker and mixed on a stir plate with magnetic stir bar 
at 52oC and 400 rpm. The autotitrator maintained a constant pH of 9.0 and base addition was 
recorded for 20 min for calculation of hydrolysis rate. Rate for the standards was linear in 
enzyme addition up to 110 mg of Protex 6L.  Percentage of activity retained was relative to 
the initial enzyme added.  
Fig. 3.3 Phase separation of the enzyme-treated soybean cream after centrifugation at 3000g for 15 min. The 
demulsification treatment was performed with Protex 6L (300mg/10g of cream) at pH 9 and 50oC for 3 h. 
Free oil 
Residual cream 
Aqueous phase 
(Second skim) 
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Statistical Analysis   
For each demulsification treatment oil yield and average droplet diameter were 
determined. In addition, for the protease-assisted demulsification treatment a full factorial 
experiment with three factors, each at two levels, was used to analyze the responses for oil 
yield (% wt) and average droplet diameter (D4,3). The coded and actual parameter values are 
presented in Table 3.1. Results were subjected to one-way analysis of variance according to 
the general linear model procedure with least-square means effects.  The means were 
compared according to Tukey’s Honestly Significant Differences Test (HSD) with a level of 
significance p ≤ 0.05.  Statistical analysis was carried out using JMP version 6 (SAS Institute 
Inc., Cary, NC). 
Table 3.1 Coded and decoded parameter levels for the 23 full factorial experiment of the protease-assisted 
demulsification of soybean cream. The experiments were carried out at pH 9 and 50oC for 3 h. 
 Coded Parameter Value -1 0 +1 
Experimental Variable [Factorial points] [Center points] [Factorial points] 
Agitation Speed [rpm] 500 600 700 
Enzyme concentration 
[mg/10 g of cream] 100 200 300 
Enzyme type Protex 30L Protex 6L Protex 6L 
    
 
3.4 Results and Discussion 
Kinetics of Hydrolysis by Protex 7L During Extraction 
Fig. 3.4 shows that Protex 7L exhibited a typical declining rate hydrolysis curve with 
an average DH value of 5.6 ± 0.13% after 2 h of EA-AEP. A high initial hydrolysis rate was 
followed by a decrease in rate tending towards a limiting value of DH. It can be postulated 
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that, for the hydrolysis of soy proteins with Protex 7L at the conditions used, the enzyme is 
saturated with substrate throughout the reaction [30, 34]. Therefore, the shape of the 
hydrolysis curve cannot be explained simply by total consumption of the substrate. Enzyme 
inactivation can also be excluded because Protex 7L is most effective at the operating range 
of pH of 6-8 and temperature range of 40-60oC. The presence of inhibitor at high DH values 
might explain the downward curvature of the hydrolysis curve as a case of product inhibition 
where the hydrolysis products formed at high DH are inhibiting the reaction by decreasing the 
reaction rate [30]. Peptides produced during hydrolysis might act as inhibitors. Inhibition 
during extended hydrolysis is in agreement with the results offered in the literature [29].  
0%
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Fig. 3.4 Hydrolysis curve for Protex 7L (E/S = 0.016) during the EA-AEP of soybean flour. Reaction 
conditions: 50oC and 500 rpm for 120 min.  Plotted values are the averages for five replicates. 
 
The average DH value of 5.6% reached would result in an average protein M.W. of 
approximately 2000 Da. Figure 3.5 (lane 8) confirms the disappearance of larger proteins that 
are still present in the AEP cream (Fig. 2.2, lane 4). The decrease in molecular size likely 
limits the ability of the polypeptides at the interface to form a stable, rigid barrier to 
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coalescence. Centrifugation of EA-AEP extract still did not produce free oil but, as will be 
seen below, facilitated the further demulsification process for recovery of free oil. 
 
 
Fig 3.5 SDS-PAGE profile of proteins from soybean cream subjected to various treatments and centrifugation. 
1: M.W. marker (100-10 kDa range); 2: commercial soy protein isolate marker; 3: control (no enzymes 
during incubation), 4: residual cream after Protex 6L treatment at 300mg/10g, 5: residual cream after Protex 
30L treatment at 300mg/10g, 6: precipitates after G-ZYME treatment at 200mg/10g, 7: residual cream after 
chemical demulsification at pH 4.5, 8: original EA-AEP cream, subunits of β-conglycinin: α’, α and β, A: 
acidic subunit of glycinin, B: basic subunit of glycinin. 10 µg of protein were loaded into the gel. 
 
Characterization of the Enzyme-Assisted Soybean Cream Layer  
The two major components of the cream were TAG and water, but lesser quantities 
of proteins, carbohydrates and phospholipids were also observed (Table 3.2).  
Table 3.2 Percentage composition of the cream formed during the EA-AEP of soybean flour with Protex 7L. 
 
Oila  Water     Proteins  
  
Carbohydrates  Phospholipids 
Original  
soybean cream  65 ± 3  36 ± 4   3 ± 0.4   1 ± 0.2  1 ± 0.8 
Mean  ±  95% confidence intervals from triplicates.  
a
 TAG content. 
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A sufficient concentration of interfacial proteins may provide a stable cream. The 
surface protein concentration, Γ, is an index that can be used to characterize emulsion 
stability [35]. For the EA-AEP cream, Γ was calculated according to Agboola [36, 37]: 
                      
SSA
M OP /
=Γ            [3.3] 
Where MP/O, the mass ratio of protein to oil, was obtained from the cream 
composition and equal to 46.15 mg/g and SSA, the specific surface area of the oil droplets, 
was equal to 4 ±  0.15 m2/g and calculated using the following equation:  
oilD
SSA
ρ
16
2,3
∗=                      [3.4] 
Where D3,2, the surface weighted mean droplet size, was determined from particle size 
analysis and the soybean oil density was 0.92 g/cm3. 
In the EA-AEP cream the surface protein concentration was 11.4 ± 0.35 mg/m2. By 
comparison, the surface protein concentration of the AEP cream was 14.65 mg/m2 [13]. 
Despite the reduction in Γ this value is still higher than values reported in the literature for 
stable multilayer protein-stabilized emulsions based on β-lactoglobulin [35] and soy protein 
isolates [38].  
The presence of phospholipids and carbohydrates might also confer stability to the 
original soybean cream.  Zhang et al. [39] reported that phospholipids are able to enhance the 
stability of oil-in-water emulsions against coalescence at concentrations of 2% w/w lecithin at 
room temperature, where the concentration of phospholipids here was ca. 1%. The 
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carbohydrate role in the emulsion stability is to stabilize an already-formed emulsion; the 
effect of carbohydrates on emulsion stability was not further investigated.  
Demulsification Treatments  
Table 3.3 shows the effects of various demulsification treatments at different 
conditions during the hydrolysis reaction on the amount of free oil released as well as the 
mean droplet size. It can be seen that proteases and phospholipases were able to destabilize 
the soybean cream and achieve significant oil recovery.  Enzymatic treatment with Protex 6L 
at 300mg/10g and 500 rpm recovered 72% of the total oil in the cream as free oil. Higher 
conversion to free oil was observed in a two-stage demulsification process in which 100 mg 
of fresh enzyme (Protex 6L) was added to the residual cream; this approach converted 95% 
of the emulsified oil  to free oil. Complete destabilization of the emulsion after centrifugation 
was seen after the G-ZYME demulsification treatment. The latter allowed 100% recovery of 
free oil from the EA-AEP cream. The G-ZYME treatment at pH 4.5 produced a precipitate 
which was not seen with the acidification treatment at pH 4.5. Figure 3.5 (lane 6) shows the 
distribution of the protein M.W. in this precipitate. The increase in free oil recovery from EA-
AEP cream showed that demulsification can be improved if an enzymatic treatment is applied 
both during extraction and demulsification.  
G-ZYME is said to cleave the ester bond at the sn-1 position of the 
acylglycerophosphatide (lysolecithins) producing a free fatty acid and glycerophospatide  
(Fig. 3.6). This cleavage by G-ZYME will only occur if the fatty acid at the sn-2 position of 
the lecithin is absent. 
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Such lysolecithins are reported to be more effective emulsifiers than lecithin 
[Genencor International, personal communication, September 2007] but with the removal of 
both fatty acids from lecithin, the emulsifying ability is destroyed. If the phospholipids in the 
cream were lecithin, then demulsification would not be expected from this treatment.  It 
remains to be investigated which specific phospholipids are present in the cream.  
 
Fig. 3.6  Sites of hydrolysis by phospholipases and action of G-ZYME on lysolecithin 
Lamsal  et al [12] treated soybean emulsions from EA-AEP extraction of extruded 
soy flakes with a cocktail (1:1 v/v) of G-ZYME and Lysomax, a phospholipase A2, to enable 
cleavage at both sn-1 and sn-2 positions and did get demulsification.  However, their 
incubation conditions (pH 4.5 and 60oC) were optimal for G-ZYME but outside the activity 
and stability range for the Lysomax.  Hence, they too may have been observing only the 
action of G-ZYME. The demulsification could be also partially attributed to the adjustment 
to pH 4.5, which is the isoelectric point for soy proteins and the optimal pH of the 
lysophospholipase (G-ZYME).  We have shown that such adjustment led to 83% recovery of 
free oil (see acidification treatment below). Our results suggested that both soy proteins and 
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phospholipids are present at the droplet interface and play important roles in emulsion 
stability. 
Table 3.4 shows the analysis of variance for oil yield and droplet size (D4,3) obtained 
from the 23 full factorial experiment of the protease-assisted demulsification. The experiment 
revealed that all the parameters were significant for both responses at α = 0.05. The latter can 
be explained mainly due to the actual effect of the parameters in the response and also the 
small mean square error produced for the low variability between replicates.  
Table 3.4 Analysis of variance on oil yield and particle size responses for the protease-treatment using the 23 
full factorial experiments, α = 0.05. 
 
Response Oil Yield [%]  
Mean 
Source df Square p-value 
Model 7 1238.83 0.0001 
     Concentration 1 446.84 0.0001 
     Agitation 1 170.67 0.0001 
     Concentration*Agitation 1 130.67 0.0001 
     Enzyme 1 2582.63 0.0001 
     Concentration*Enzyme 1 417.85 0.0001 
     Agitation*Enzyme 1 1472.67 0.0001 
Error 19 2.82    
C. Total 26    
Response Particle Size [µm]  
Source df 
Mean 
 Square p-value 
Model 7 1997.69 0.0001 
     Concentration 1 839.18 0.0025 
     Agitation 1 774.52 0.0034 
     Concentration*Agitation 1 1216.87 0.0005 
     Enzyme 1 1586.05 0.0001 
     Concentration*Enzyme 1 1997.54 0.0001 
     Agitation*Enzyme 1 857.91 0.0023 
Error 19  69.34   
C. Total 26     
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The parameters causing the largest change in the free oil recovery were the enzyme 
and enzyme concentration, as well as the interaction enzyme and concentration and enzyme 
and agitation as we can see from the larger values of the mean squares in the ANOVA table. 
The interactions indicate that the response in oil yield may vary depending on the parameters 
tested specially the enzyme type, so in order to obtain a better estimate of the effects, 
interaction plots were constructed for Protex 6L and Protex 30L (Fig. 3.7).  
The interaction plots show that the agitation rate interacts with the enzyme type. 
Increasing the agitation speed to 700 rpm led to decreases in free oil recovery for the Protex 
6L-treated creams but this trend was not followed by the creams treated with Protex 30L for 
which the increase in agitation speed led to increases in the oil yields for the 1% enzyme 
concentration. The agitation had no influence at higher concentrations (3%) for Protex 30L. 
Also it can be seen that in general Protex 6L was more effective than Protex 30L for 
obtaining higher yields. In general, emulsions treated with Protex 6L were characterized by a 
larger oil droplet size (D4,3) than the samples treated with Protex 30L (Fig. 3.8) and this 
tended to be associated with higher oil yield. Emulsions treated with G-ZYME also showed a 
significant increase in droplet size. 
ANOVA results, Table 3.4, show that important factors influencing the particle size 
of the oil droplets in the treated-creams were the same as the factors affecting oil yield (all 
significant at α = 0.05). 
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Fig. 3.7 Interaction plots for Protex 6L and Protex 30L. Symbols represent triplicates of the protease-
treatments on the cream at different agitation conditions (rpm) during incubation. 
 
 Some of the protease-treated creams were also affected by the mechanical agitation 
giving larger particle sizes at higher agitation speeds, but this was strongly dependent of the 
enzyme concentration and enzyme type (Table 3.3). All the enzyme-assisted and acidification 
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treatments increased the mean droplet diameter, D4,3, in all cases. The increase in droplet size 
(D4,3) and conversion to free oil reflected that the enzyme-modified interface was less stable 
than the rigid interface provided by the multilayer protein/phospholipid interface of the 
untreated EA-AEP cream.  
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Fig. 3.8 Interaction plot of oil yield and oil droplet size. Symbols represent triplicates of the protease-
treatments on the cream at different agitation conditions (rpm) during incubation 
Table 3.3 shows the oil yields for the pH adjustment treatment (acidification 
demulsification). At pH 4.5 the free oil recovery was 83%. As outlined above, the stability of 
the original soybean emulsion might be due to the adsorption of proteins and phospholipids 
which act as a barrier at the oil droplet surface preventing coalescence and decreasing the 
demulsification rate. The change of pH to 4.5 (isoelectric zone of minimum soy protein 
solubility) is likely to induce droplet coalescence by reducing the magnitude of the 
electrostatic repulsion between droplets [21]. No precipitated protein was observed as a 
result of the pH adjustment; however, this did occur with the G-ZYME treatment at pH 4.5. 
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SDS-PAGE Profiles 
Figure 3.5 shows the peptide profile of the residual soybean creams subjected to 
various demulsification treatments. SDS-PAGE revealed that glycinin and β-conglycinin 
proteins were all degraded to fragments below 10 kDa in the original cream (extracted from 
EA-AEP with Protex 7L), control sample (subjected to the incubation conditions but without 
enzyme action during demulsification), as well as for the protease-treated creams with Protex 
6L and Protex 30L during demulsification. In contrast, the residual cream treated with 
chemical demulsification at pH 4.5 (Fig. 3.5, lane 7) still showed bands corresponding to the 
subunits of glycinin and β-conglycinin proteins presenting M.W. as large as 50 kDa. The 
precipitates (no residual cream was formed) obtained after the enzymatic treatment with the 
phospholipase G-ZYME at pH 4.5 (Fig 3.5, lane 6) also showed a polypeptide profile in 
which the subunits of glycinin and β-conglycinin were clearly seen. The larger proteins 
present in the SDS-PAGE after the acidification treatment and G-ZYME treatments at pH 
4.5 may result from a reapportioning of the larger proteins from the aqueous phase to the 
interface with the pH change to 4.5 which is close to the pI of the main storage proteins. By 
comparison, the molecular weight distribution of the soy protein in the second skim revealed 
that 98% of the polypeptides had a M.W. below 10 kDa (results not shown). The size of the 
proteins in the second skim supported the results of the SDS-PAGE on the cream where 
glycinin and β-conglycinin were all degraded to fragments of low M.W. after demulsification 
with protease activity.  
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2nd Skim Enzymatic Activity 
 Introduction of excess protease for demulsification could enhance demulsification 
kinetics without additional enzyme cost if the enzyme activity could be recovered in the 2nd 
skim for use in the initial extraction step. Table 3.5 shows that more than 90% of the Protex 
6L activity remained in the second skim after the demulsification treatment offering the 
possibility for reuse of the enzyme at the upstream extraction step. 
Table 3.5 Residual enzymatic activity of Protex 6L in second skim after various demulsification treatments of 
the soybean EA-AEP cream at different concentrations. 
Demulsification 
Treatment [mg/10g] 
Activity in 2nd Skima 
[mg P6L/g 2nd Skim] 
Residual Activity 
in 2nd Skim a [%] 
Protex 6L [100mg] 13 91 
Protex 6L [200mg] 27 95 
Protex 6L [300mg] 53 100 
a Means of duplicate experiments 
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CHAPTER 4. GENERAL CONCLUSIONS 
 4.1 General Discussion 
Two aqueous extraction processes were investigated for the recovery of oil from full 
fat soybean flour. During extraction, proteins, lipids, carbohydrates and other components 
were brought into the aqueous phase so that a method was needed for efficient separation of 
free oil from the emulsified aqueous phase. Therefore, final free oil recovery depended on 
two critical unit operations: separation of oil from the flour and destabilization of the oil-in-
water emulsion. The present work investigated the characterization and destabilization of the 
emulsions formed during the AEP and EA-AEP of soybean oil. These emulsions were 
collected as a cream layer and were subjected to various single and combined treatments, 
including thermal, chemical and enzymatic treatments, aimed at recovery of free oil.  
The soybean oil emulsion formed during the AEP contained high molecular weight 
glycinin and β-conglycinin protein subunits, phospholipids and smaller oleosin proteins which 
formed a stable, multilayer protein interface. This interface provided protection against 
droplet aggregation before demulsification treatment and centrifugation. By comparison, the 
EA-AEP cream presented a multilayer interface of small peptides and phospholipids which 
were still capable of providing stability to the emulsion.  
The SDS-PAGE analysis of the EA-AEP cream revealed that all the larger proteins 
present in the AEP cream such as the subunits of glycinin and β-conglycinin proteins, as well 
as, the oleosin protein with a M.W. of 24 kDa, were all degraded to fragments below 10 kDa 
after enzymatic hydrolysis with Protex 6L and Protex 30L during demulsification treatments 
and Protex 7L during the EA-AEP. Similarly, the SDS-PAGE of the AEP cream treated with 
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Protex 7L showed the disappearance of the major soy proteins and the appearance of small 
polypeptides of low M.W.  
After such hydrolysis with appropriate enzymes the creams from both AEP and EA-
AEP were converted into free oil with high yields. The AEP cream demulsification with 
Protex 7L followed by a freeze-thaw step converted 46% of the emulsified to free oil. For the 
EA-AEP cream, demulsification with Protex 6L increased the oil yield from 2% to 72%.  It 
was also demonstrated that the oil yield increased to 95% with a two-stage demulsification 
treatment with Protex 6L. The highest oil recovery was achieved with enzymatic 
demulsification using G-ZYME at pH 4.5. Under these conditions the EA-AEP emulsion was 
fully destabilized and the free oil yield increased to 100%. In all the demulsification processes 
mentioned above, the separation of the oil fraction from the aqueous fraction was always 
facilitated by centrifugation to bring the drops into close contact after the interface had been 
destabilized. The enzymatic treatments were more effective than the thermal and chemical 
demulsification approaches for creams from both the AEP and EA-AEP processes.  
The most important parameters affecting the oil recovery and droplet size in the EA-
AEP cream treated with Protex 6L and Protex 30L were: enzyme type, enzyme 
concentration, agitation and their interactions all being significant at α = 0.05. Protex 6L 
retained more than 90% of its activity in the second skim after a single demulsification step 
offering the potential for reuse in the process.  
The potential of the EA-AEP of oil from soybean flour seems evident due to the 
current environmental and health concerns on the use of organic solvents. However, despite 
the reduction in emulsion stability achieved and the high oil yields in demulsification of the 
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soybean creams reported in this study, the overall oil recovery from the aqueous process is 
still lower than the conventional petroleum-based process because each of the extraction 
processes leaves 25-35% of the oil in the solid residue or skim fractions [1]. Thus, additional 
extraction approaches need to be pursued to obtain acceptably high overall conversion to free 
oil. Use of extrusion prior the enzymatic extraction process has been studied in parallel with 
this work [2, 3]. 
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